T rans-sobrerol (Sob) and 8-p-menthen-1,2-diol (Limo-diol) are the primary products in the atmospheric oxidation of α-pinene and limonene, respectively. Because of their low volatility, they associate more likely to the liquid particles in the atmosphere, where they are subject to the aqueous phase oxidation by the atmospheric oxidants. In this work, through experimental and theoretical study, we first provide the rate constants of Sob and Limo-diol reacting with hydroxyl radical (·OH) in aqueous solution at room temperature of 304±3 K and 1 atm pressure, which are (3.05±0.5)×10
I. INTRODUCTION
Atmospheric chemical reactions of the volatile organic compounds (VOCs) lead to the formation of second organic aerosols (SOAs) which are the predominant pollutions of the troposphere [1−5] , and such a subject has attracted considerable attention and is widely researched recently. Water is considered as the largest component of fine particles (PM2.5) globally [6] , and provides an important and abundant medium for chemical reactions including formation of SOAs in clouds, fogs and wet aerosols. Some water-soluble organic compounds would dissolve in atmospheric water and undergo aqueous radical reactions to generate considerable SOAs as well [7] .
α-Pinene is the second most abundant biogenic nonmethane hydrocarbon emitted by vegetation into the atmosphere [8, 9] , and is known to contribute to formation of SOAs [10] . T rans-sobrerol (Sob) [11] is the significant hydrolysis product of α-pinene oxide which is an epoxide formed by O atom insertion across the endocyclic double bond in α-pinene and has been observed as a product in the gas phase photooxida-tion of α-pinene in simulation chamber experiments [12, 13] . Limonene is also an important member in the monoterpene family and has high emission rates from both biogenic sources and household solvents [10] . 8-p-Menthen-1,2-diol (Limo-diol) is the main hydrolysis product of limonene oxide, which could be obtained under rather mild conditions [14] . Sob and Limo-diol are water-soluble unsaturated organic alcohols in atmospheric particles.
Several free radicals, such as NO 2 , O 3 , ·OH, HO 2 ·, SO 4 −· , and Cl, which can react with dissolved organics, are formed in the atmospheric particulate matters (PM). In these reactions, one of the most efficient and abundant oxidizing species is hydroxyl radical (·OH) [15, 16] which is a reactive electrophile and reacts rapidly and non-selectively with most of the electron-rich sites of organic compounds. The oxidation reactions in PM might enhance the formation of SOAs by producing even less volatile products or reduce the amount of SOA by oxidizing the organic compounds to smaller and therefore more volatile compounds. Therefore, it is necessary to study the reaction kinetics of the low-volatile organic compounds with the atmospheric oxidants in PM, measuring their reaction rate constants, and identifying the reaction products. Researchers have focused more on the reactions of organic compounds with ·OH in the gaseous phase [7, 17, 18] , while there are fewer reports on their reac-tions in aqueous phase [19−22] . Those aqueous phase reactions that are important to atmospheric chemistry are generally studied by quantum chemical calculations [20, 21] and experimental methods such as gas phase smog chamber, pulse radiolysis, micro-flowtube, laserphotolysis long-path absorption and γ-radiolysis [19] . Herein, we combine experimental rate constant measurements and quantum chemical calculations to elucidate the reaction mechanisms of ·OH mediated degradation of Sob and Limo-diol in aqueous solution.
II. METHODS

A. Chemicals and reagents
T rans-sobrerol (Sob, ≥97% purity), 4-chlorobenzoic acid (pCBA, ≥98%), dimethyl phthalate (DMP, ≥99%) and D 2 O were obtained from Shanghai J&K Chemical Reagent (China), and limonene-oxide (Limo-oxide, ≥97%) were purchased from Sigma-Aldrich (America). Methanol is of high performance liquid chromatography (HPLC) grade while H 2 O 2 (30%) and all other chemicals are of analytical grade and were used directly without further purification. All solutions were prepared using high purity deionized water from a Milli-Q system. The Limo-diol was synthesized [14] by hydrolyzing limonene-oxide in stirred water solution for 36 h at 100
• C and then transferred to LC-MS for verification. The structures of Sob and Limo-diol are shown in Scheme 1.
B. Experimental methods
There are a few ways to generate ·OH in the aqueous phase [19] 
The reaction constants were determined by the relative rate technique [23, 24] , in which a reference compound was added to the same solution as the reactant. Both the reactant and the reference compound are subject to reaction with the OH radicals under the same conditions [25] :
The rate constant with the reference compound is wellknown already. Samples were taken out of the reactor at different time intervals and the concentrations of the reactant and reference compound were analyzed. The rate constants were then obtained using the following equation: 
Here, p-chlorobenzoic acid (pCBA) [27] and dimethyl phthalate (DMP) were served as reference compounds. One value of k OH-pCBA has been previously reported as 5×10 9 L/(mol·s) (Michael S, 1999); while there have been four measurements on k OH-DMP as: (2.67±0.26)×10
9 L/(mol·s) using the relative rate technique [28] , 4.0×10 9 L/(mol·s) through fitting the experimental data to the kinetic model [29] , (3.2±0.1)×10 9 and 3.4×10 9 L/(mol·s) [30] with pulse radiolysis experiments. The experiments were performed in a quartz reactor, which was surrounded by a glass tube with a volume of about 400 mL. Typical initial concentrations were 10 −5 −10 −4 mol/L for DMP or pCBA, and 10 −4 −10 −3 mol/L for Limo-diol or Sob. Each of the reactants was mixed with H 2 O 2 with an initial concentration of 1.0 mmol/L and the solution was stirred under ambient temperature of 304±3 K and 1 atm pressure. The solution was then exposed to ultraviolet mercury lamp (γ=313 nm) for several minutes. At various intervals, an aliquot of 1 mL sample solutions was transferred to high performance liquid chromatography (HPLC) for analysis. 
C. Analysis
Concentrations of reagents and reference compounds were analyzed by HPLC system, which consists of Agilent 1260, a corresponding diode array detector (DAD) and a reverse phase Ecosil C18 column (250 mm×4.6 mm×5 µm). The working conditions for analysis were as follows.
The rate of eluent was 1.0 mL/min and the injected volume was 20 µL for all the samples. The mobile phase contained methanol/water (pH was adjusted to 2 with H 3 PO 4 ) with a ratio of 65/35 (volume ratio) for Sob and 55/45 (volume ratio) for Limo-diol. The monitoring wavelength was 200 nm for both Sob and Limo-diol [31] , while 235 and 230 nm for pCBA and DMP, respectively. Typical detection signals of Sob and Limo-diol from HPLC are displayed in Fig.1 , in which the well-resolved peak signals can be observed. The negative peaks appearing in the figure are solvent peaks. Identification of reaction products was first performed by LC-MS, which consists of Agilent 1290 and maXis impact, and further confirmation was made by comparing the retention time to those having similar chemical constructions and the data based on theoretical calculations.
D. Computational methods
All calculations were performed with Gaussian 09 programs [32] , and M06-2X/6-311++G(2df,2p) were used to optimize the equilibrium geometries and calculate the vibrational frequencies and single point energies. The solvent effect was estimated from single point calculations at M06-2X/6-311++G(2df,2p) level using the polarizable continuum model (PCM) [33] with radii and non-electrostatic terms by SMD model [34] . In solvent effect calculations, the gas-phase M06-2X geometries were used. The Gibbs energy changes in gas phase were corrected to the values in aqueous phase at M06-2X level:
For the Gibbs barrier heights of bimolecular aqueous reactions, the free energy change converting gas pressure 1 atm to aqueous phase 1 mol/L, 7.9 kJ/mol at 298 K [35] , and the solvent cage effect, −10.6 kJ/mol at 298 K [36] were included. The bimolecular rate constants in the aqueous phase are:
where k B is the Boltzmann constant, h is the Planck constant and ∆G = aq is the standard free energy of activation in aqueous phase.
III. RESULTS AND DISCUSSION
Many organic compounds exhibit second order hydroxyl radical rate constants of 10 8 −10 10 L/(mol·s) in aqueous phase, which are fairly close to the diffusion controlled limit [22, 37, 38] . The reaction constants of Sob and Limo-diol reacting with ·OH were determined by the relative rate technique, which is described above. In these experiments, to ensure the accuracy of the rate constant, we have selected two different reference compounds as pCBA and DMP, which have different OH rate constants.
A. Reaction rate constant for Sob+OH
There have been four measurements on the rate constant for the reaction of OH and DMP, obtaining values from (2.67±0.26)×10
9 L/(mol·s) to 4.0×10 9 L/(mol·s), which were all determined at room temperature with pH≥7 [29] . Therefore, we first tried to assess the rate constant of OH+DMP in aqueous phase. k OH-DMP was measured by using pCBA as the reference compound with k OH-pCBA of 5×10 9 L/(mol·s). The results are shown in Fig.2 , from which, the value of k OH-DMP is determined as (2.54±0.2)×10
9 L/(mol·s), in agreement with the results obtained using the same method by Xu et al. [29] . Therefore, our value of k OH-DMP is reasonably suitable to be used as reference standard under the same experimental conditions. An example of relative kinetic experiments of Sob with ·OH in aqueous phase is shown in Fig.3 . The rate constant is obtained as (3.05±0.5)×10
9 L/(mol·s) by averaging the experimental values obtained under different initial concentrations while other reaction conditions unchanged. The kinetic constants of Sob+OH in aqueous solutions with different initial concentrations are given in Table I . 
B. Hydrolysis products of limonene-oxide
Limo-diol was synthesized by hydrolysis of limonene oxide in 100
• C water solution. After reaction, 1 mmol of a 1:1
mixture of trans-(R)-(+)-limonene oxide and cis-(R)-(+)-limonene
oxide in 12 mL water was stirred for 36 h, the solution was then analyzed by LC-MS. The main hydrolysis product of Limo-diol (yield≈90%) [14] was formed as a mixture of four possible conformers (Scheme 2), which might have similar properties. The relative energies have been calculated at M06-2X/6-311+G(d,p) level, conformer d has the lowest energy while the energies of other conformers relative to d are 15.6, 5.1, and 5.4 kJ/mol for a, b and c, respectively. The fractions of the conformers at 298 K are 0.2%, 8.3%, 6.7%, and 84.8%, respectively, when assuming thermal equilibrium among them. The fraction for conformer a is negligible. Their peaks are shown in Fig.1(b) detected by HPLC, the retention time of Limo-diol is 3−6 min, while the counterpart of limonene oxide is approximately 12 min under the same detective condition. Therefore, we assign the first peak in HPLC to conformer d, and the other two peaks to conformers b and c, respectively. Peak 1 has been named as Limo-diol-1, and the peaks 2 and 3 are named as Limo-diol-2 because they could not be separated completely under our detection conditions by HPLC when measuring reaction rates.
The mass spectra of Limo-diol are shown in Fig.4 . The mass spectrum in Fig.4(a) , which is considered to be conformer d (peak 1 in Fig.1(b) 
because two hydroxyl radicals are further apart from six-member ring and methyl and its structure is more stable. It has almost the same retention time (about 5 min) as Sob does when tested with the eluent rate of 1.0 mL/min in HPLC. While the mass spectra shown in Fig.4 (b) and (c), with the same m/z=193 (as C 10 H 16 O-H 2 O-Na + , including Na m/z=23 and H 2 O m/z=18) and m/z=363 (as 2C 10 H 18 O 2 -Na + ), are considered to be conformers c and b (peaks of 2 and 3 in Fig.1(b) ). As configurational isomers, they have almost the same mass spectrum, and the two peaks always overlapped to each other and could not be separated completely with the reverse-phase C18 column we used, so they were called Limo-diol-2 together.
C. Reaction rate constant of Limo-diol+OH
The relative kinetic method has been employed to explore the rate constant of the main hydrolysis product, Limo-diol-1, reacting with ·OH in aqueous phase as mentioned above, pCBA and DMP were used as reference compounds as before. Experimental results are presented in Fig.5 . The value of k OH-Limo-diol-1 has been determined as (4.57±0.2)×10
9 L/(mol·s) from the slope of the fitting straight line.
With these experiments, the rate constant of the other hydrolysis product, Limo-diol-2, reacting with OH, k OH-Limo-diol-2 is determined as (2.48±0.3)×10 9 L/(mol·s) (Fig.6) , and it could be detected with the DAD detector under the same condition as Limo-diol-1 does. We considered peaks 2 and 3 as one compound, Limo-diol-2, because they are isomers and their peaks cannot be separated totally, only one rate constant has been obtained when compared with pCBA. DMP was not used as reference here since its peak was overlapped with Limo-diol-2 when detected by HPLC. Though there is subtle difference between k OH-Limo-diol-1 and k OH-Limo-diol-2 , k OH-Limo-diol-1 has been considered as k OH-Limo-diol because Limo-diol-1 is the main part of Limo-diol and it is likely to be more accurate to use two reference compounds.
For these experiments, the kinetic constants fluctuated in a small range, which may be caused by many factors. Here, we consider that three factors may lead to such a phenomenon. First, the experiments were mainly through manual operation in which there were some uncontrollable conditions compared with laser photolysis method [21] . Moreover, the reference compounds might not be stable during the experimental process, especially for pCBA which can possibly be photolyzed or react with H 2 O 2 or other reactants (unsaturated alcohols), affecting reaction rate and then resulting in the fluctuation. Furthermore, the reaction temperature [16] and pH also had small influence on the rate constants. There should be some other factors that may cause the fluctuation of the rate constants and further research is necessary to fully understand the detailed reaction mechanism.
D. Reaction kinetic calculations
When considering OH-oxidation reactions of unsaturated organic compounds, there are three possible reaction mechanisms: radical adduct formation (RAF), hydrogen atom transfer (HAT), and single electron transfer (SET), among which, RAF and HAT are the dominant pathways [20] . OH radical can abstract a hydrogen atom form C−H bonds and other bonds, as well as add to unsaturated compounds such as the ones that possess double bonds, e.g., aromatic and heterocyclic ring. The rate constants of addition to unsaturated bonds are often a few times higher than those for Habstraction from saturated compounds. For the reactions between hydroxyl radical and unsaturated compounds, the branching ratios for H-abstraction are usually small, in the range of 10%−20% [39] . Thus in the case of unsaturated alcohols, the addition reaction would be predominant: With Gaussian 09 programs, quantum chemical calculations were employed to further explore the reaction rate constants of the two unsaturated alcohols reacting with OH. Here only the major reaction pathway of RAF was considered because other pathways made a small quantity of contribution to the reaction rate and could be neglected. Calculations were carried out at M06-2X/6-311++G(2df,2p) level. The standard free energies of activation in aqueous phase, including unit conversion and solvent cage effect, are 24.2 and 15.4 kJ/mol for OH adding to sites 1 and 6 in Sob, and 23.9 and 13.6 kJ/mol for sites 8 and 9 in Limo-diol (Scheme 1). The barriers for additions of C6 of Sob and C8 of Limo-diol are lower because they have smaller steric hindrance. The rate constants, estimated using the traditional transition state theory, are 1.28×10 10 and 2.65×10 10 L/(mol·s) for Sob and Limodiol, respectively. Though the values are rather reasonable and within the acceptable calculating range [22] , there are still minor distinctions between experimental values and calculative ones.
IV. CONCLUSION
The kinetic constants for OH reactions with two different unsaturated alcohols, Sob and Limo-diol, which are the primary products in the atmospheric oxidation of α-pinene and Limonene, were measured in aqueous phase. Experimental results show that the rate constants are (3.05±0. 5 
